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Abstract. Mechatronic systems are complex systems involvingwkedge from
various disciplines such as computer science, nmc$aelectronics and control.
Model-based system engineering is an efficient @ggh to cope with the increas-
ing system complexity. It covers specifying, design simulating and validating
systems and is very useful for the design of complietems since it helps better
manage the complexity while enhancing consisteny eoherence. This ap-
proach allows errors to be detected as soon ashpogs the design process, and
thus reduces the overall cost of the product. hatiny safety concerns from early
design stages, within the MBSE approach helps ¢ségder to consider safety as-
pect during system architecture synthesis and eeth& number of iterations and
design changes. This paper presents a step tothardstegration of safety within
the MBSE approach. SysML is chosen as a modelinguage because it offers
unified communication semantics to the multidisicigty collaborating team in-
volved in the design of complex systems. A casdysillustrates the proposed ap-
proach.

Keywords: safety analysis, SysML, MBSE.

1 Introduction

Nowadays manmade systems are getting more congddieving more func-
tions and thus involving an increasing number ahponents and new technolo-
gies. Components of different disciplines such @saors, sensors, software are
interacting together in a synergic way. In suclenattively complex systems,
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there are many branching paths among component;gétie interactions un-

predictable to system designers and users. Therefomplex systems are error
prone and safety critical since errors could leaddcidents with potentially cata-
strophic effects. Normal Accident Theory (NAT) exipis that, when a technology
becomes sufficiently complex and tightly coupledcidents become inevitable
and therefore in a sense they become 'normal'dR€81).

Consequently, the design of such systems is clialignFirstly, the increasing
complexity of manufactured systems makes their ldgweent and safety analysis
more difficult and big efforts are required to mgeahe complexity, maintaining
coherence and consistency through the developraadtdeal with numerous re-
qguirements relevant to multiple domains. Moreowafety critical systems must
be certified according to continuously more rigaafety regulations before
commercialization. In addition, sharp industriahquetitiveness obliges industri-
als to shorten time to market and reduce developroests. Communication
among the engineering team working together is alslenging. In fact, engi-
neers from different fields and with different taokogical backgrounds cooperate
together during the design process. This usualyldeto misunderstanding and
confusion.

Model-Based System Engineering (MBSE) approackdsired to manage the
complexity, enhance consistency and allow modeading simulation of the whole
system. A unified language to model and specié ghstem will remedy to the
communication problem; SysML, the semi-formal sgsiemodeling language
seems very appropriate for us and is adapted imvotk.

2 Related work

As manufactured systems began to be more widelg, 'se as manmade sys
tem cannot be perfect and are subject to diffekmat of malfunction, — caused ei-
ther by design errors, human errors, componentriaibr any other direct cause or
combination of contributing events — many reseanthks focused on system
safety. The first efforts were noted in the miljtatomain leading for instance to
the military standardsMIL-STD-1629A , MIL-STD-882D). The aim of such stand-
ards is to help designers in identifying potentiakards and the appropriate cor-
rective actions. Safety analysis techniques cagpbeinto two categories: qualita-
tive and quantitative approaches. Qualitative ndshdéry to find the causal
dependencies between a hazard on system levebdnce$ of individual compo-
nents, while quantitative methods aim at providisimations about probabilities,
rates and severity of consequences. Many technayaegsroposed for this purpose
and are extensively described in (Ericson2005) séteafety analyses are usually
performed separately with independent tools. Camsetly, they occur late in the
design process when the design is already finakeretthus, miss the opportunity
to influence design choices and decisions (ShawihPapadopoulos2010).
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The purpose of our work is to provide a methodoltmgintegrate safety analy-
sis early in the design stage, when the first degigdels are available. The pro-
posed methodology is based on pertinent semi-formmalels built using SysML.
The end goal of this work is to automate partshef $afety analysis process and,
consequently, both reduce the time and cost andowephe quality of the system
safety studies. The methodology allows system emsgmto perform early valida-
tion of system safety requirements in the desigicgss. In the scope of this pa-
per, the preliminary work of identifying relevamformation from design models
and then using it to perform safety analysis isened.

Dubois (Dubois2008) proposed to directly includéesarequirements in the
design process with SysML. To respect safety staisddhe triplet requirement
models, solution models and validation and veriftora (V&V) models are isolat-
ed. For this purpose, a SysML profile respectinfptyastandards called RPM
(Requirement Profile for MeMVaTEX) was developedeTrequirement stereo-
type of SysML is replaced by the MeMVaTEX requiremedy adding various
properties such asérifiable”, “ verification type”, “derived from”, “ satisfied by”,
“refined by”, “traced to”, etc. In this work, traceability is assured betwere-
quirement models, between requirement and solutiodels, and between re-
quirement and V&V models by using these propertitmwever, only the integra-
tion of safety requirements is considered in thierkwbut safety analysis
techniques (from which safety requirements arevedjiare performed separately.

Another attempt more complete is proposed by P.idav al. (David2009,
Cressent et al.2010, David et al.2010) work ongéeeration of an FMEA report
from system functional behaviors written in SysMlbdels, and on the construc-
tion of dysfunctional models by using the AltaRlaaguage in order to compute
reliability indicators. In their methodology calld€DISIS, they start with the au-
tomatic computation of a preliminary FMEA. The stuwral diagrams, namely
Block Definition Diagram (BDD) and Internal Blocki@yram (IBD), and the be-
havioral diagrams such as Sequence Diagram (SD)Aatidity Diagram (AD)
are analyzed in detail to give an exhaustive ligadure modes for each compo-
nent and each function, with their possible caumed effects. Then the final
FMEA report is created with help from experts ie Safety domain. To facilitate
a deductive and iterative method like MéDISIS, éadase of dysfunctional be-
haviors is kept updated in order to rapidly idgnfdilure modes in different anal-
ysis phases. The next step of their work is thepimgpbetween SysML models
and AltaRica data flow language, so that existowd to quantify reliability indi-
cators such as the global failure rate, the meaa to failure, etc. can be used di-
rectly on the failure modes identified in the poaisg step.

The work of David and his team is currently onéhaf most advanced research
works about the integration of SysML and safetylyses.
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3 Safety analysis integration in an MBSE approach wit
SysML

System engineering approach aims at realizing isythat satisfies customer
needs. It focuses on defining customer needs aquiresl functionality and then
proceeds with design synthesis and system validtiCOSE). To support sys-
tems engineering approach a tool must be able tehgystem requirements, be-
havior and structure and ensure consistency bettiese different views. SysML
can represent the different aspects of systemed@&nthal et al.2009):

- Requirements and their relationships to other reguénts and to other

modeling elements like components, test cases etc.

- Function-based, message-based (scenarios) an<batstd behavior.

- Structure by modeling composition, and interconioecaind interactions

between components.

- Constraints on the physical and performance prigzert

It also supports allocations between these diffeempects, enhancing con-
sistency and coherence between element models akithgnchange impact eval-
uation easier.

The rich modeling capabilities of SysML made it@d candidate to support
MBSE approach. This OMG standard is being widelgdum both industrial and
academic projects (a few examples can be foundVidlKl and Shea2009, Cres-
sent et al.2011, Piques and Adrianarison2012) lsec#uprovides a consistent,
well-defined, and well-understood language to comicate the requirements and
corresponding designs among engineers. The systethelnperformed with
SysML contains relevant information to support safengineers in performing
safety analyses from the early design phases.

Usually a design process begins with requiremefinitien and analysis. In
this phase, the already known safety requiremergscaptured in the SysML
model. In the second phase, system functions ametifitd from functional re-
quirements and one or more functional architectamesdefined and compared.
Once a list of functions is available, functionalzhrd assessment can be per-
formed in order to identify failure modes of eacimdtion and then the effects of
each failure. Functions are thus classified acogrdd their criticality and safety
requirements are derived in order to eliminatesrigkbring them to an acceptable
level. These requirements specify allowable failates such as failures resulting
in catastrophic effects are unlikely to occur. Thquirements model is then up-
dated and the whole process iterates until a aatsfy functional model is estab-
lished. Then components are allocated to functiordefine the physical structure
of the system. These components shall satisfy #fietys requirements derived
from the functional hazard analysis. Component dasdety analysis techniques,
like Fault Tree Analysis, can then be applied basethe system architecture per-
formed in SysML. Fault propagation cans then beuded and allowed failure
probabilities are distributed on different compaiseim order to satisfy quantita-
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tive safety requirements. The requirements arerdaggly updated with new safe-
ty requirements and new induced functions may b#eddThe whole process
shall be iterated again to assess system safeltythét new changes and evaluate
their impact on both performance and behavior efdjistem. The whole process
can be summarized in Fig. 1.

=y, )

Reguirements

Safety m

Reqguirements

Fig. 1 Integration of safety analysis techniques ia SysML based MBSE
Process

4 A case study

In this section, it will be shown how SysML modelncbe used for safety anal-
ysis in order to improve consistency and take gadspects in consideration from
the early design stages. The case study addressed paper is the wheel brake
system of a fictitious aircraft described in the AR761 standard — Appendix L
(SAE-ARP 4761-1996).

First, requirements are captured within SysML. Thiemctions are derived
from functional requirements and captured withia 8ysML model. Main func-
tions are then decomposed in sub-functions. Araekinf the brake down of the
aircraft functions is given in Fig. 2. At this eadtage, safety analysis can already
begin with analyzing functions. SysML functions mbdgjives a list of functions
that is helpful for safety engineers. In our exaampin aircraft Functional Hazard
Analysis (FHA) is performed to identify safety @@l functions. The “Decelerate
Aircraft on Ground” is identified as being safetytical since its failure could lead
to catastrophic effects like the aircraft leavihg runway or crashing the build-
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ings or equipment on the airport (SAE-ARP 4761-)9%ecelerate Aircraft on
Ground” function is broken down into sub-functicarsd is achieved by a number
of aircraft sub-systems. Among these subsystereswtieel brake system, which
is the subject of our study, is the most influegdim decelerating the aircraft.

bdd [Package] Aircraft Functions
wactivitys
Aircraft functions
Ctrl Cab Env Ctrl Thrst
Ctrl it Pth Gl Acana DetOfient Det Pos Head
wactivitys cactivity» aactivitys cactivity» activiy» «activity»
ControlCabine | Control Flight Contrel Aircraftonthe Ground Control Determine | | Determine Position
Environment Path Thrust Qrientation and Heading

[

Curl Ackt Dir Gnd | Dec Acft Gnd Det AirGnd Tran

Control Aircraft Direction on Ground Determine AifGround Transition:

«activity»
Decelerate Aircrafton Ground |

Fig. 2 Extract of aircraft level functions brake dovn

“eactivitys ] wactiitys

Safety requirements are derived to bring the effe€tidentified failure modes
to acceptable levels. These requirements shalatigfied by the physical system
being developed. The choice of the system compsreamd architecture is influ-
enced by safety aspects resulting in less iteramhdesign changes.

The wheel brake systems shall satisfy the followieguirement: The wheel-
braking system shall be able to stop the aircraft safely in the landing phase, at
high speeds and on different runway surfaces and climate conditions’.

Thus, the architecture of the wheel brake systerst foe reliable and fault tol-
erant to minimize the risk of failure. Thus the wheraking system is designed
with redundant components: it is composed of twaunelant hydraulic lines, a
normal line that is first activated and an alteenahe that is activated when the
normal chain is inoperative. Each of the two systdras an independent power
source. A supplementary power source, an accummuiatadded as an emergency
power source (mandatory for the wheel-brake systemircraft (Moir and Sea-
bridge2001)). It provides the braking system witlditaulic power when all the
other power sources are inoperative.

The different flow exchanges between componentsgaren in Fig. 3 via a
SysML Internal Block Diagram. For the sake of siitipy, the selection valve is
not shown in this diagram. The selection valvengerted across the two lines and
checks the availability of power, i.e. hydrauliegsure above the threshold, on
each of the two lines. The annunciating systemddsatk the BSCU system with
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the state of the hydraulic lines. The BSCU systeselfi feeds back the high level

control unit with the state of the entire wheelkeraystem.
ibd [block] WheelBrakeSystem)|

lechPedal
(=]

| - Pressure

=
5

MechPwr

Fig. 3 Internal model of the wheel brake system.

Analyzing the interactions among system componehts failure propagation
among components can be easily deduced and theTrael built. The fault Tree
detailing the “unannunciated loss of all wheel lesikis given in Fig. 4.

Loss of the annunciation system

« fail_annunc_system »

Loss of all wheel brakes
 fail_wheel_brokes »

Normal braking system Alternative braking Emergency braking
fails system fails system fails.
«ail_normal brake » « fail_ait_brake » « fail_emg brake »
[ 1
Loss of the green Loss of the normal hydraulic Loss of the braking controlof
hydraulic reseurce components. the BSCU system
& fail hyd GrRe » | «fail_hyd_normal & fail_BSCU »

Loss of the braking control of

Loss of the electrical supply of

Fig. 4 Fault Tree for “unannunciated loss of all wieel brakes” failure.

Fault tree is used to analyze fault propagatioaubh components. It can also
be used for a quantitative analysis by allocatirgppbilities to different events.
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5 Conclusion

This work is a contribution to the integration affety analysis within SysML
based MBSE approach. It was shown how SysML mathaishelp in performing
safety analysis by providing the information neede@ structured way. A case
study was presented to illustrate the proposedoagpr

In future works, the extension of SysML to suppawutomatic generation of
safety analysis datasheets will be considered. Aati generation helps enhanc-
ing coherence and reduces gaps in the design precesequently reducing de-
sign errors as well as time and cost.
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